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ABSTRACT INTRODUCTION

Aromatic polyimides have been attractive in

the aerospace and electronics industries for

applications such as cryogenic insulation,

flame retardant panels and structural sub-

components. Newer to the arena of

polyimides is the synthesis of polyimide
foams and their applications. In the present

work, three different, closely related,

polyimide foams developed by NASA

Langley Research Center (LaRC) are studied

by X-ray Photoelectron Spectroscopy (XPS)

after exposure to radio frequency generated

Oxygen Plasma. Although polyimide films

exposure to atomic oxygen and plasma have

been studied previously and reported, the data
relate to films and not foams. Foams have

much more surface area and thus present new

information to be explored. Understanding

degradation mechanisms and properties
versus structure, foam versus solid is of

interest and fundamental to the application

and protection of foams exposed to atomic

oxygen in Low Earth Orbit (LEO).
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NASA LaRC has been developing a new and

diverse foam technology allowing for the next

generation of polyimide foam materials that
will be utilized for such things as cryogenic

insulation, flame retardant panels and

structural sub-components. _-3 Depending

upon the application, foams can be designed
and engineered with specific properties from

a large number of monomers and monomer

blends. These polyimide foams have a

number of properties that make them highly
desirable materials for use on structures that

are exposed to extreme conditions. They are

strong, fire resistant, minimally outgassing,

stable over a large temperature range,
resistant to chemical attack, and can be made

in varying densities.

In addressing extreme aerospace conditions,

the question of polyimide foam stability and

degradation in Low Earth Orbit (LEO) is of

interest. Although polyimide films exposure

to atomic oxygen and plasma have been

studied previously and reported, 6'7'12 the data
relate to films and not foams. The study of

polyimide foams versus film behavior is of
scientific value. Before utilizing polyimide

foams in the aggressive environment of LEO,

it is important to understand and predict

performance characteristics and the
mechanisms of degradation. This information

is also important to the protective measures
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which might be required in the utilization of
these materials.

The atmosphere at LEO altitudes has a

composition that is essentially the reverse of

that in the troposphere, 20% N2 and 80% 02.

Without the overlying atmosphere to filter

short wavelength UV radiation (<243 nm), the

molecular oxygen present is largely

photodissociated to atomic oxygen (AO).

Atomic oxygen is a highly reactive substance

and thus is prone to rapidly oxidize materials

exposed to it. Making the situation more
extreme is the fact that structures in LEO are

typically moving rapidly, as fast as 8 km/s, to

maintain the orbit. Moving at that speed, it is

typical for structures to collide with atomic

oxygen with an energy of as much as 5 eV
and to encounter 10 ]5 oxygen atoms per cm 2

of surface area per second. 4 In this study, an

oxygen plasma generator was utilized to

produce an atmosphere of atomic oxygen that

would simulate the atmosphere of LEO.

Experimental

The synthesis of the precursor powders and
the fabrication of the foams in this study were

reported previously. _-3 Three different
chemical formulations were used to fabricate

the polyimide foams, see Figure 1 and Table 1
for abbreviations and densities. The first

letter after TEEK indicates the series and the

second letter indicates the density.

The foams were supplied by LaRC and

Unitika, Japan. The Kapton TM tape, 3M

Mystic 7362, was obtained from NASA
federal stock no. 5970-01-350-5283. The

Kapton TM HN films, HN 100 (1 mil thick) and

HN 200 (2 mil thick) were provided by the
manufacturer.

Table 1. Foam Materials Description
Description

Density
TEEK-HH

(0.082 g/cc)

TEEK-HL

(0.032 g/cc)

TEEK-LL

(0.032 g/cc)

TEEK-CL

(0.032 g/cc)

Foam,

ODPA/3,4'-ODA (4,4

oxydiphthalic anhydride/3,4-

oxydianiline)
ODPA/3,4'-ODA (4,4
oxydiphthalic anhydride/3,4-

oxydianiline)
BTDA/4,4'-ODA (3,3,4,4-

benzophenenone-tetracarboxylic

dianhydride/4,4-oxydianiline)
BTDA/4,4'-DDSO2 (3,3,4,4-

benzophenenone-tetracarboxylic
dianhydride/4,4-diaminodiphenyl
sulfone)

/ o o /n

TEEK-HH and HL (ODPA/3,4"ODA)

9, o \

No ° o
TEEK-LL (BTDA/4,4'-ODA)

TEEK-CL (BTDA/4,4'-DDSO2)

Figure 1, Chemical structures of foams

Surface analyses of samples were performed

with a Kratos XSAM X-ray photoelectron

(XPS) spectrometer. XPS is a surface

analysis technique that looks at the upper

atomic layers of a solid surface. In XPS

electrons are ejected from a sample surface

with a particular binding energy

characteristic of the elements present. Shifts

in binding energy can be related to oxidation

or chemical states. Foam samples were
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typically placed in the sample insertion
chamberandallowedto pumpdownfor 1-3
days before analysis.Film samplesonly
required2-3hoursof pumpdowntime.

Theoxygenplasmawasgeneratedwith aSP1
PlasmaPrepII plasmaetcher. The Plasma
Prep II was operated with an oxygen
atmosphereat a feedpressureof 5 psi. The
etcherwas usedat full power for cleaning
samplepansandfor theinitial foamexposure.
This etcherutilizes radio frequency,13.56
MHz, to excite an oxygenatmosphereat a
pressureof 2-5 torr into a plasma.This
atmospherewill containsomeundissociated
oxygen molecules,oxygen ions, electrons,
and oxygen atoms. For this work, the
atmospherewas consideredto consist of
oxygen atoms only and the terms,oxygen
plasma and atomic oxygen will be used
interchangeably.

The effective atomic oxygen flux was
determined,using the following procedure,
ASTM E2089-00, Standard Practices for
Ground Laboratory Atomic Oxygen
InteractionEvaluationof Materialsfor Space
Applicationsat 100%,50% and 25%power
levels.5 Samplesof KaptonTM tape, roughly 1-

2cm square, were placed in cleaned aluminum

sample pans, mastic side down, and weighed.

Samples were then individually placed in the

etcher and exposed to oxygen plasma for 30

min periods at the desired power level. After

each 30 min period the samples were

weighed. Analyses were run in triplicate at

each power level. The effective atomic

oxygen flux, F, was then calculated according

to the following equation in which AM is the

mass loss of the sample in grams, 9 is the

density in g/cm 3 , A is the sample surface area

in the cmZ, E is the in-space erosion rate of

Kapton TM, 3x10 -24 cm3/Oxygen atom and t is

time in seconds:

F = AM/(pA E t)

The effective atomic oxygen flux distribution

over the placement of the samples (front,
middle, and rear) were determined by using 4

samples of Kapton TM HN film mounted to the

cleaned sample cups with a very small piece

of carbon tape. The tape was situated such

that the sample covered and protected it. The

Kapton TM HN film samples were placed in the

4 positions within the etcher that were used

for foam exposures and the flux determined

as above. When the samples were removed

from the etcher for weighing, they were kept

in a nitrogen atmosphere to exclude

atmospheric oxygen and moisture
interference. Data indicated that the effective

atomic flux was distributed consistently

throughout the chamber.

The foam samples were cut into 2x2 cm

squares. Foams were placed in a reduced

pressure environment to reduce the amount

of absorbed moisture before initial weighing.

After obtaining baseline XPS data, they were

exposed to oxygen plasma at 25% power for

30 min increments and weighed after each

exposure. When significant weight loss

occurred, samples were re-analyzed with

XPS, and then oxygen plasma exposure
continued.

RESULTS AND DISCUSSION

Figure 3 indicates the effective oxygen flux

versus time at 25% power for the Kapton TM

witness coupon ran with the foam samples.

The average effective oxygen flux is
1.14x 1016 O atom/cm2.s.

In addressing the interactions and reactivity of

these foams with atomic oxygen it is to be

noted that although the structures are very

similar (see Figure 1), there are some

important differences. Both the C and the L

series foams have a carbonyl group linkage in

the dianhydride groups, while the H series
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foamshaveanetherlinkage. In theL series
foams,thediamineportionhasoxygen para-

bonded in both benzene rings, while in the H

series foams, the right most benzene ring is
meta bonded. In the C series foams the

diamine has an SO2 linkage. In previous

thermal degradation studies of polyimide

films, the diamine structure (Figure 2) appears

to have a greater influence on the stability,

with the ranking being SO>SO2>CH2>O for
X. I°

NH2-_X-_ NH2

Figure 2, Generic Chemical Structure for
Diamine
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Figure 3, Atomic Oxygen flux versus time at

25% power for Kapton rMWitness Coupon

Preliminary analyses indicate that the samples
had a small mass loss for the first hour of

oxygen plasma exposure and then began a

more rapid weight loss. The CL sample with

the SO2 linkage in the diamine has the

greatest resistance to weight loss.

Figure 4 includes the mass loss of the HL,

HH, LL series, plus Kapton TM. The mass loss

of the HL series is the greatest, followed by

HH, although that is of a higher density than

the LL series. Here the mass loss appears to

be more dependent upon chemistry versus

density. Because of their different densities

and their chemistries not containing an S02

linkage, only the H and L series were chosen

to be studied further by High Resolution XPS

to investigate the relationships of density and

chemistry to atomic oxygen effects. High

Resolution XPS is capable of

separating/resolving different oxidation states

or binding energies.

0.012 ]7 --I--Kapton [ •
0.01 -_ --I--HL [__/z-____

w ]] _HH I

0.008 44 @LL

000,1 ../"
0. 4
0.002 _
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Figure 4, Mass Loss of TEEK HL, HH, LL &

Kapton rMTape

High Resolution XPS Data

A high-resolution spectra baseline was
obtained for each of the three polymers, HH,

HL and LL before and after plasma exposure

(see Figure 5, (a)---_(e) for Cls peaks). The

spectra were acquired in the small aperture

XPS mode for higher resolution using

magnesium X-rays at 12 KV and 12 mA.

Following the initial baseline characterization

by XPS the samples were exposed to oxygen

plasma for 2.5 hours. A second XPS spectrum
was obtained for each sample after the plasma

exposure. The XPS results are summarized in

Table 2. The carbon peak shows two main

features, one is a peak with binding energy

(BE) around 284.8 eV (designated C-1 in

Table 1), and a second peak with binding

energy around 288 eV (designated C-2 in

Table 1). The peak C-1 at 284.8 eV results

from signals due to C-C, C-N and C-O bonds.
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Table 2, XPS Data

Sample
I.D.

Carbon

Baseline
Peak

BE Atomic
(eV) %

C ls 284.8 70.11

Oxygen

After Plasma
Ex 9osure

BE Atomic

(eV) %
284.8 55.75

Baseline
Peak

BE Atomic
(eV) %

O ls 533 29.89

After Plasma

Exposure
BE Atomic
(eV) %
532.3 44.25

HH C-1 284.6 43 284.7 81.3
C-2 286.6 57 288.7 18.69
C ls 284.7 76.46 284.6 48.7 O ls 532 20.43 532.2 48.7

i -!iiii i' i19))i(9_i /284-.?"......6 :s...................................... iiiii iiiiiiiiiiii
C-2 288.1 8.81 288 32.2
C Is 284.8 74 284.9 56.15 0 Is 532 24 532.7 43.85

LL C-1 284.8 92.7 284.7 61.3
C-2 288 7.22 288 38.7

*atomic % does not include nitrogen
5"C-1 and C-2 represent 100% of CIs

The peak C-2 at 288 eV represents the

carbonyl group C=O.ll Of the three samples,

sample HH shows the highest initial amount

of oxygen, almost 30% compared to 20.4%

for HL and 24% for LL (see also Figure 5).

The higher initial oxygen content for HH is

related to the high signal due to the HH

carbon peak C-2. This is the peak from the

carbonyl C=O. HH has a larger carbonyl

signal than HL or LL even though sample LL

has one more carbonyl group. The reason for

the larger carbonyl signal for HH is that the

density of HH is two and a half times the

density of HL and LL. This implies that a
similar unit of volume will contain one basic

unit of LL with 5 carbonyl groups. The same
unit of volume will contain two and a half

unit of HH with a total of 10 carbonyi groups

All three samples showed significant increases

in oxygen with a comparable reduction in

carbon. These results indicate that the sample

is loosing carbon while at the same time some

oxygen is been incorporated to the molecule.
In a series of molecular beam-surface

scattering experiments on Kapton TM, Minton et

al. 6 reported CO and CO2 as the main volatile

species during atomic oxygen attack.

Although there is an overall decrease in

carbon (see Figure 5, charts after plasma

exposure), samples HL and LL showed a

significant increase in C-2 corresponding to

carbonyl, C=O relative to the peak C-1. This

is consistent with results reported in several

papers. A study by Cross et. al. 7 of the

interaction of atomic oxygen with a Kapton TM

film, found H2, H20 CO, and CO2 in the gas

phase reaction products. They also found

more carbonyl-bonded oxygen. The increase

in carbonyl was also observed by Lu et. al. 8

after using Pulsed UV laser irradiation on a

polyimide film. Kitching et. al. 9 in an XPS

study of biomedical polyurethane modified by

oxygen plasma, also observed an increase in

carbonyl following the plasma treatment.

Sample HH also showed a significant increase

in oxygen with a comparable overall

reduction in carbon. However, contrary to

samples HL and LL and results for Kapton in
the literature, the carbonyl groups were

reduced, (C-2 less than C-1 after exposure).

Again, it seems that the high density of HH

plays an important role. A higher density
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implies that there are more C=O bonds
exposedto the plasmathan in HL and LL.
The resultsshowinga reductionin carbonyl
seemsto indicatethatthe plasmais reacting
with this grouppreferentiallyover atomsin
the ring structureresulting in somevolatile
products. The oppositeseemsto occur in
samplesHL andLL wherethe attackby the
plasmaseemsto takeplaceat siteson thering
resultingin the additionof oxygenat those
locations.
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Figure 5, XPS Spectra, Before and After

Plasma Exposure for HH (a-b), LL (c-d), &

HL (e, before)
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*After Plasma exposure chart follows

observed in LL series
trend
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CONCLUSIONS

As indicated in previous reports, 2'3 data

presented validate that newly developed

polyimide foams are high performance

polymers in mechanical, physical and thermal

properties. In those reports, the TEEK-C 2'3

series proved to be more thermally stable, and

in preliminary data discussed in this report,
the C series also appear to have the greatest

resistance to atomic oxygen with the least

amount of mass loss on exposure.

The mass loss data indicates that chemical

structure and then density appear to play the

greatest role on atomic oxygen resistance for
the HH, HL and LL series. The XPS data
indicates an overall oxidation of the foams.

The data presented on the HL and LL foams

showing an increase in carbonyl after atomic

oxygen exposure correlate with the data

previously reported on polyimide films, v'9

The higher density HH series showed a

decrease in the carbonyl group. This seems to

indicate that the plasma is reacting with this

group preferentially over atoms in the ring

structure resulting in some volatile products.
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